Introduction {#s1}
============

The radiation of tridactyl equids took place from the Middle Miocene onwards in North America, a few million years before their dispersal throughout Old World continents [@pone.0074463-Simpson1], [@pone.0074463-MacFadden1]. This is one of the most popular textbook examples of evolution taught in palaeontology [@pone.0074463-MacFadden2]. The expansion of grasslands in North America has initially been considered *the* environmental factor driving the evolution of high-crowned molars (hypsodonty) as an adaptation to abrasive diets (i.e. silica-rich grasses) among Miocene hipparionines, as well as many other grazing mammals [@pone.0074463-MacFadden1], [@pone.0074463-Janis1]. Abrasive material responsible for most of the tooth wear in large mammalian herbivores may have been plant silica (phytoliths) and/or mineral dust (grit) on the vegetation. The importance of grit versus phytoliths as abrasives for dental wear is, however, still controversial [@pone.0074463-Merceron1], [@pone.0074463-Merceron2], [@pone.0074463-Schulz1], [@pone.0074463-Lucas1], [@pone.0074463-Sanson1]. Open, arid (grassland) habitats clearly contain more abrasive food compared to more humid, forested habitats. Hypsodonty is thus considered as an adaptation to a more abrasive diet from grasslands because grasses contain more abrasive biogenic silica in the form of phytoliths (and/or grit) compared to leaves [@pone.0074463-Hummel1], [@pone.0074463-Damuth1], [@pone.0074463-Mihlbachler1]. Recent studies question the causal link between grasslands and hypsodonty [@pone.0074463-Sanson1] and suggest a much more complex interplay of various factors [@pone.0074463-Strmberg1], [@pone.0074463-Strmberg2]. Indeed, based on phytolith analyses, Strömberg [@pone.0074463-Strmberg2] conclude that grasslands were already more widespread in the Early Miocene prior to the increase of hypsodonty among many mammal taxa. Moreover, previous investigations suggest various ecological habits among Mio-Pliocene hypsodont hipparionines from North America, covering the entire spectrum between grazing and browsing [@pone.0074463-Mihlbachler1], [@pone.0074463-MacFadden3]. Thus characterizations of ungulate palaeo-diets solely based on crown height often do not reflect the full dietary breadth of a taxon. Selective pressures for crown height may have been weak in North American Equidae during prolonged periods of their evolution [@pone.0074463-Mihlbachler1]. However, a stronger selection for the evolution of high-crowned dentitions occurred during the Early Miocene shortly before the first appearance of Equinae, the horse subfamily in which hypsodonty evolved [@pone.0074463-Mihlbachler1] and that later migrated to Europe.

Neogene Old World equids are all derived from a North American common ancestor that dispersed into Eurasia across Beringia during times of glacio-eustatic sea level fall [@pone.0074463-MacFadden1]. The arrival and subsequent radiation of hypsodont hipparionine horses of the *Cormohipparion* clade at the base of the Late Miocene is one of the most important dispersal events of the Eurasian Neogene. The first occurrence of high-crowned tridactyl hipparionine horses in western Eurasia ('*Hipparion*' Datum) has recently been pushed back to the early Late Miocene (MN 9, early Vallesian, ∼11.2 Ma) with discovery of *Hippotherium primigenium* in Atzelsdorf, Austria [@pone.0074463-Woodburne1]. From this locality, isolated hipparionine molars were found in fluvio-lacustrine deposits in the palaeo-Danube delta, sandwiched between marine strata of two transgressions of Lake Pannon; the upper transgression being dated to between 11.2 and 11.1 Ma [@pone.0074463-Woodburne1], [@pone.0074463-Harzhauser1]. The arrival of hipparionine horses in the eastern Mediterranean region at around 12--11 Ma was traditionally thought to mark the simultaneous westward expansion of savanna vegetation across the Old World. However, in Anatolia open landscapes with C~3~ grasslands were actually widespread from the Middle Miocene, prior the first occurrence of hipparionines in the Old World [@pone.0074463-Strmberg3]. Indeed, C~4~ monocotyledons did not radiate across Western Eurasia during the Neogene [@pone.0074463-Cerling1], [@pone.0074463-Cerling2].

This study aims to investigate the feeding ecology of the earliest hipparionines from Europe within a pure C~3~ plant ecosystem in order to better understand one of the most significant faunal events during the Tertiary, the dispersal of hipparions into the Old World. Two scenarios can be considered: (1) hipparionines, because of their hypsodont cheek teeth, exploited grassy abrasive vegetation in open landscapes to spread into the Old World or, (2) their dispersal illustrates a new example of the Liem's paradox [@pone.0074463-Liem1], [@pone.0074463-Robinson1], inferring that specialized phenotypes (in this case hypsodont cheek teeth) enabled the species to occupy a wide ecological niche (a mixed-feeding or even browsing trait). These two hypotheses are addressed by analyzing combined dental wear (micro−/mesowear) and stable isotope (C and O) analyses of teeth from four populations of hipparionines that are amongst the earliest hipparionines in Europe.

The four localities, Eppelsheim (EP), Höwenegg (HO), Charmoille (CH), and Soblay (SOB), belong to the Late Miocene (MN9--MN10). The first two sites are situated in southern Germany, Charmoille is located in Switzerland and Soblay near Lyon in eastern France. In the latter locality two hipparionine taxa may have co-habited [@pone.0074463-Mnouret1]. However, the large equid *Hippotherium primigenium* is always dominant in the faunal assemblage. Bernor et al. [@pone.0074463-Bernor1] thus assemble most of the Vallesian large hipparionines from Europe into a taxonomic unit defined as the "*Hippotherium primigenium*" complex.

Four different dietary proxies are examined: molar mesowear and microwear patterns in combination with carbon and oxygen isotope compositions of enamel carbonate of the early European *H. primigenium*. Stable isotope compositions of tooth enamel combined with dental micro- and mesowear analyses provide complementary information regarding dietary intake, habitat, and niche partitioning. These methods evaluate fundamentally different chemical (isotopes) and mechanical (dental wear) food properties. Although these dietary proxies are not completely taxon-independent due to some influences of the animals (digestive) physiology and masticatory food processing, this multi-proxy approach allows a refined dietary reconstruction for hypsodont horses. It contributes to a better understanding of the dietary flexibility and will thus help us better understand the successful rapid dispersal of *H. primigenium* into the Old World. Dental wear analysis will help to resolve the grazer-browser dichotomy while carbon and oxygen isotope analyses will yield complementary information regarding habitat and food properties.

Fossil Sites with Early Hippotherium Analyzed in this Study {#s1a}
-----------------------------------------------------------

The Eppelsheim locality (EP) belongs to the oldest deposits of the Miocene Rhine River, exposed at many places in the Rhine-Hesse area of Germany ([Fig. 1](#pone-0074463-g001){ref-type="fig"}). These fluvial sediments of the Eppelsheim Formation [@pone.0074463-Grimm1], [@pone.0074463-Franzen1], traditionally known as "Dinotheriensande", have yielded many localities mainly placed stratigraphically within the Vallesian Land Mammal Age in the lower part of MN 9, the age of which is approximately 11.5 to 9.5 Ma [@pone.0074463-Woodburne2], [@pone.0074463-Steininger1], [@pone.0074463-Andrews1]. However, in addition to Late Miocene (Vallesian) taxa the Dinotheriensand Fauna also contains early and late Middle Miocene mammal faunas [@pone.0074463-Bhme1]. Here, the focus is on Eppelsheim, situated 30 km south of the city of Mainz, which has provided the richest assemblage of mammalian remains among the Dinotheriensande complex [@pone.0074463-Franzen2], [@pone.0074463-Franzen3]. In addition, this assemblage contains the type-species sample of *Hippotherium primigenium* (MEYER, 1829), which is presently housed at the Forschungsinstitut Senckenberg (Frankfurt).

![Geographic location of the investigated Late Miocene sampling sites.](pone.0074463.g001){#pone-0074463-g001}

The Höwenegg locality (HO), located in southern Germany ([Fig. 1](#pone-0074463-g001){ref-type="fig"}), belongs to the lacustrine deposits of the Höwenegg-Formation, a sequence of light grey marl layers alternating with reddish-brown layers of tuffaceous mudflows. The Höwenegg-Formation was deposited in a lake that formed following the eruption of hornblende-bearing pyroclastics during the Late Miocene. The Höwenegg-Formation was dated to 10.3±0.19 Ma by a single hornblende crystal using ^40^Ar/^39^Ar from the hornblende tuff of the Höwenegg sequence [@pone.0074463-Swisher1], [@pone.0074463-Munk1]. The early MN 9 Höwenegg locality is important due to this radiometric date for the '*Hipparion*' Datum and because it contains completely articulated skeletons of *H. primigenium*.

The Late Miocene deposits in Soblay (SOB, Ain, France, [Fig. 1](#pone-0074463-g001){ref-type="fig"}) are composed of a several meter-thick sequence of lignites alternating with marls, which overly Upper Jurassic calcareous marine sediments. All fossil remains belong to the second lignite unit, which contains a rich mammalian fauna including 67 species of large and small mammals [@pone.0074463-Mnouret1]. Based on the latter, the fauna is biostratigraphically dated to MN 10.

The Charmoille site (CH) is a sand pit close to the small town of Charmoille in the canton of Jura in northern Switzerland ([Fig. 1](#pone-0074463-g001){ref-type="fig"}). The faunal assemblage of Charmoille suggests that the locality belongs to the MN9 [@pone.0074463-Klin1]. Indeed, the presence of *Hippotherium primigenium* together with two rhinocerotids *Aceratherium* cf. *incisivum* and *Dicerorhinus sansaniensis* support an early Vallesian age [@pone.0074463-Becker1]. (See [Text S1](#pone.0074463.s007){ref-type="supplementary-material"} for more detailed site and palaeoenvironmental descriptions).

Combined Stable Isotope and Dental Wear Analyses - a Multi-proxy Dietary Approach {#s1b}
---------------------------------------------------------------------------------

Hypsodont horse teeth grow over a period of several years and record in their enamel dietary, climatic and environmental information. Teeth of modern and fossil hypsodont horses have enamel growth rates of 35 to 40 mm/year and total enamel mineralization takes about 1 to 2.8 years depending on tooth type (molars usually take 1 to 1.5 years) [@pone.0074463-Sharp1], [@pone.0074463-Hoppe1]. Similar rates of tooth mineralization can be assumed for the slightly less hypsodont Miocene *Hippotherium primigenium*. Due to a short turnover time of body water (about 14 days [@pone.0074463-Sharp1]) and its dissolved inorganic carbon pool, the carbon and oxygen isotopic composition of incrementally growing teeth of hypsodont herbivores record a time-series of the isotopic composition of dietary intake and seasonality [@pone.0074463-Sharp1], [@pone.0074463-Bryant1], [@pone.0074463-Balasse1], [@pone.0074463-Fricke1], [@pone.0074463-Nelson1].

Stable Carbon Isotopes {#s1c}
----------------------

The carbon isotope composition (δ^13^C) of animal tissues reflects that of the ingested food [@pone.0074463-Tieszen1], [@pone.0074463-DeNiro1] and is mainly related to the proportions of isotopically distinct C~3~ and C~4~ plants from dietary intake [@pone.0074463-DeNiro1], [@pone.0074463-Cerling3]. C~3~ plants, which include trees, most shrubs and many cold-season, temperate latitudes and high altitude grasses, discriminate strongly against the heavy ^13^C isotope and therefore have lower δ^13^C values than C~4~ plants, ranging from --34 to --22‰, with an average of --27‰±3 [@pone.0074463-Deines1]. C~4~ plants include mostly warm-season grasses that discriminate less against the heavy ^13^C isotope and therefore have higher, less negative δ^13^C values of between --17 and --9‰, with an average of --13‰±2 [@pone.0074463-Deines1]. Carbon ingested with diet and incorporated into the structural carbonate of the enamel apatite is enriched in ^13^C by about +14‰ relative to the plants ingested by large non-ruminant herbivorous mammals such as horses, depending on the digestive physiology and rate of methane production of the animal [@pone.0074463-Cerling4], [@pone.0074463-Passey1]. Therefore, skeletal apatite of extant animals with a pure C~3~ plant diet have average δ^13^C values of about --13‰ while animals feeding on a pure C~4~ plant diet have an average δ^13^C value of about +1‰ [@pone.0074463-Sullivan1], [@pone.0074463-LeeThorp1]. The large C~4~ grass-dominated grassland ecosystems of savannas known today first evolved globally in the late Miocene [@pone.0074463-Cerling2], [@pone.0074463-Quade1]. However, this is in contrast with data from Europe where C~3~ plants dominated the vegetation during the Neogene, as indicated by the observed low δ^13^C values in fossil mammal teeth of herbivores [@pone.0074463-Cerling1], [@pone.0074463-MateuAndrs1]. In a C~3~ plant-dominated ecosystem C~3~ grazers and C~3~ browsers cannot be easily distinguished by carbon isotope analysis of most tissues. However, the enamel carbon isotopic composition in C~3~ ecosystems enables the niche partitioning and habitat differences of herbivorous mammals to be determined [@pone.0074463-Drucker1], [@pone.0074463-Feranec1], [@pone.0074463-Cerling5], [@pone.0074463-Ttken1]. This is due to the variability of δ^13^C values even within the C~3~ plant groups, due to variations in light and water availability as well as position in the forest canopy or habitat temperature, depending on latitude and altitude [@pone.0074463-Heaton1], [@pone.0074463-Kohn1], [@pone.0074463-Diefendorf1].

Stable Oxygen Isotopes {#s1d}
----------------------

Mammalian bioapatite records body water and hence ingested meteoric water δ^18^O values. The body water δ^18^O value of obligate drinkers, such as most large mammals including equids, is linearly related to that of the drinking water [@pone.0074463-Longinelli1], [@pone.0074463-Kohn2], [@pone.0074463-Huertas1]. The δ^18^O~H2O~ values of meteoric water vary within ecosystems due to changes in air temperature and/or amount of precipitation or evaporation [@pone.0074463-Dansgaard1], [@pone.0074463-Rozanski1]. These meteoric water δ^18^O~H2O~ differences can be used to infer climatic conditions such as ambient air temperature and aridity as well as animal drinking behaviour [@pone.0074463-Longinelli1], [@pone.0074463-Kohn2], [@pone.0074463-Levin1], [@pone.0074463-Ttken2]. Herbivorous mammals derive their water from three sources: (1) surface water, (2) water from food, and (3) metabolic water from food processing, specifically during oxidation of carbohydrates [@pone.0074463-Kohn2], [@pone.0074463-Bryant2]. Thus physiological, environmental, and behavioural factors can influence enamel δ^18^O values, particularly the water dependency of the animal [@pone.0074463-Kohn2], [@pone.0074463-Levin1], [@pone.0074463-Kohn3]. Enamel δ^18^O values of obligate drinking mammals are dependent on meteoric δ^18^O values whereas drought-tolerant animals usually have less negative δ^18^O values because they obtain proportionally more water from ^18^O-enriched food sources such as leaves, fruits or seeds [@pone.0074463-Kohn2], [@pone.0074463-Ayliffe1]. Browsing taxa that ingest a higher proportion of ^18^O-enriched water with their food often have higher relative ^18^O values compared to sympatric grazing taxa [@pone.0074463-Kohn3], [@pone.0074463-Sponheimer1]. Therefore, δ^18^O values allow us to draw inferences regarding habitat properties, feeding ecology, drinking behaviour and humidity [@pone.0074463-Levin1], [@pone.0074463-Ayliffe1], [@pone.0074463-Sponheimer1], [@pone.0074463-Kohn4]. Seasonality is recorded as δ^18^O amplitude changes in high crowned horse teeth which allows the evaluation of climatic changes [@pone.0074463-Sharp1], [@pone.0074463-Nelson2], [@pone.0074463-vanDam1]. Combined oxygen and carbon isotope analyses on hypsodont teeth also allow for the reconstruction of seasonal changes of ingested water and diet [@pone.0074463-Nelson1], [@pone.0074463-Nelson2], [@pone.0074463-Balasse2].

Dental Meso- and Microwear {#s1e}
--------------------------

Mechanical abrasion caused by dietary intake leaves its traces at the enamel surface [@pone.0074463-Schulz1], [@pone.0074463-Ggel1], [@pone.0074463-Teaford1]. Thus micro- and mesowear investigations of fossil herbivore teeth provide additional information about the type of consumed plant material and the palaeohabitat [@pone.0074463-Scott1], [@pone.0074463-Scott2], [@pone.0074463-Merceron3], [@pone.0074463-Ungar1], [@pone.0074463-Ungar2], [@pone.0074463-Blondel1], [@pone.0074463-Rivals1], [@pone.0074463-FranzOdendaal1], [@pone.0074463-Kaiser1], [@pone.0074463-Fortelius1].

Dental facet development on the molar surfaces of living herbivorous ungulates appears to be strongly tied to their feeding styles [@pone.0074463-Fortelius1]. These mesowear patterns reflect the long-term (several months to years) diet and can be used to infer broad dietary habits in extinct ungulates [@pone.0074463-Mihlbachler1], [@pone.0074463-Blondel1], [@pone.0074463-Kaiser1]. Dental mesowear reflects the degree of attritional and abrasive wear on the molar occlusal surface. Attritional wear is due to tooth-on-tooth contact and results in high crown relief and sharp cusp apices. Abrasive wear, on the other hand, is due to the alteration of enamel tissue by food items during mastication. In contrast to attritional wear, abrasion obliterates dental facets resulting in lower crown relief and rounder apices on cheek teeth [@pone.0074463-Fortelius1].

Dental microwear patterns reflect a short-term (a few days to weeks) dietary signal of the physical properties of the last food items consumed by an individual [@pone.0074463-Schulz1], [@pone.0074463-Teaford1], [@pone.0074463-Merceron3]. Ungulates, whose main food resources are graminoids (including grasses and grass-like plants, such as sedges), have higher densities of scratches (elongated microwear scars) than pits (short and round microwear scars) [@pone.0074463-Solounias1]. This intense scratching observed in grazing ungulates is due to the abrasiveness of monocotyledons. The cell walls of monocotyledons contain a high concentration of silica phytoliths [@pone.0074463-Kaufman1], [@pone.0074463-Lanning1], the abrasiveness of which is considered as an adaptive response to herbivory [@pone.0074463-MacNaughton1]. In contrast to monocotyledons, dicotyledons have fewer silica phytoliths, such that browsing ungulates have a lower ratio of scratches to pits compared to grazers. Beyond the grazer/browser dichotomy, the dental microwear method has been used to detect more subtle feeding preferences such as browsers whose diets contain fruits and seeds, or mixed-feeders that switch from grazing to browsing on a daily basis [@pone.0074463-Solounias2], [@pone.0074463-Merceron4].

It is worth noting here that two recent studies based on scratch tests and hardness measurements conclude that silica phytoliths do not appear to influence the enamel enough to scratch it, but identify grit as *the* major factor driving dental abrasion [@pone.0074463-Lucas1], [@pone.0074463-Sanson1]. In contrast, empirical dental microwear data from mammals indicates that variations in food properties play a major role in controlling the microwear patterns. These studies include investigations of mammal populations from the polyspecific scale [@pone.0074463-Walker1], [@pone.0074463-Ramdarshan1] to the monospecific scale [@pone.0074463-Merceron3], [@pone.0074463-Teaford2], as well as from controlled feeding studies [@pone.0074463-Schulz1], [@pone.0074463-Teaford1] and abrasion experiments with teeth mounted on a tribometer [@pone.0074463-Ggel1]. For example, reindeer feeding on ground lichens in tundra settings or camelids browsing in arid and dusty habitats differ from other ungulates by a higher amount of pits on the enamel surface [@pone.0074463-Merceron1], [@pone.0074463-Solounias2]. Thus ingestion of mineral particles does not cause a "grazing" dental microwear pattern with many scratches for these browsing species, demonstrating that the grit contribution to dental wear is minor compared to abrasive plant matter.

Results {#s2}
=======

Carbon and Oxygen Isotope Compositions of the Hipparion Teeth {#s2a}
-------------------------------------------------------------

Average δ^13^C values of the carbonate in the enamel bioapatite from 22 *Hippotherium* teeth of the four Late Miocene localities EP, CH, HO, and SOB range from −14.6 to −10.2‰ ([Table 1](#pone-0074463-t001){ref-type="table"}). These values are typical for a pure C~3~ plant diet in all analyzed *Hippotherium* individuals. However, there are significant inter-site differences: EP and CH specimens have more negative mean δ^13^C values ranging from −13.8 to −13.6‰, whereas HO and SOB both have approximately 2‰ less negative δ^13^C values of around −11.5‰ ([Fig. 2](#pone-0074463-g002){ref-type="fig"}, [Table 1](#pone-0074463-t001){ref-type="table"}). These between-site differences in δ^13^C are significant (Kruskal-Wallis test: H (3, N = 22) = 14.395; *p* = 0.002).

![δ^13^C and δ^18^O values of all 21 *H. primigenium* teeth from the four different localities Eppelsheim (EP), Höwenegg (HO), Charmoille (CH) and Soblay (SOB).\
Note that the M1 from HO was excluded for the calculation of the HO mean value. For serially sampled teeth, average values and standard deviations are given. Mean values and standard deviations of each locality are plotted as open symbols.](pone.0074463.g002){#pone-0074463-g002}
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###### Mean enamel δ^13^C and δ^18^O values of *H. primigenium* teeth.

![](pone.0074463.t001){#pone-0074463-t001-1}

  Specimen no.          Tooth   Locality     n     δ^18^O~c~VPDB\[‰\]      σ      δ^13^C~c~VPDB\[‰\]      σ      CO~3~\[wt. %\]
  -------------------- ------- ---------- ------- -------------------- --------- -------------------- --------- ----------------
  PW 2000/10153          M2        EP        9            −9.0           0.20           −14.2           0.14          5.6
  PW 2000/10171          M2        EP       14            −8.2           1.34           −14.6           0.30          6.1
  PW 2000/10072          M2        EP        1            −8.7            0.1           −14.5           0.06          4.4
  NMM (FZ EQ EP 1)        M        EP        1            −5.8           0.03           −12.4           0.04          5.1
  NMM (FZ EQ EP 2)        M        EP        1            −6.6           0.04           −13.0           0.04          4.4
  NMM (FZ EQ EP 3)        M        EP        1            −6.7           0.03           −13.7           0.02          5.4
  NMM (FZ EQ EP 4)        M        EP        1            −7.2           0.08           −14.1           0.03          5.1
  **Mean value EP**                        **7**        −**7.5**        **1.1**       −**13.8**        **0.7**      **5.2**
  HW164/55               P4        HO        7            −6.4           0.44           −11.0           0.11          4.7
  HW153/55               P3        HO        1            −4.8           0.11           −11.1           0.10          4.7
  HW755/59               M1        HO        7            −8.4           0.71           −12.2           0.19          5.4
  HMLD Hip. III 53        M        HO        1            −5.9           0.09           −12.5           0.05          4.1
  UMz P 1913              M        HO        1            −4.6           0.05           −12.7           0.06          4.4
  SMNK Höw 06/117         M        HO       15            −6.0           0.42           −11.5           0.32          4.1
  SMNK Höw 06/102         M        HO        1            −5.9           0.07           −11.5           0.07          4.4
  SMNK Höw 06/55         M3        HO       15            −4.5           0.64           −10.2           0.29          4.8
  **Mean value HO**                        **8**        −**5.4**        **0.7**       −**11.5**        **0.8**      **4.6**
  CM 600                 P4        CH       15            −7.8           0.58           −14.5           0.44          5.3
  CM 274                 M3        CH       15            −8.4           0.62           −13.7           0.23          5.6
  CM 574                 M2        CH       19            −9.1           0.49           −13.4           0.16          5.8
  CM 457                 P3        CH       13            −7.3           0.84           −12.6           0.32          5.0
  **Mean value CH**                          4          −**8.2**          0.7         −**13.6**          0.7        **5.4**
  FSL SOB−1              M3       SOB        1            −5.6           0.08           −11.2           0.10          6.4
  FSL SOB−2              M3       SOB        1            −6.4           0.09           −11.7           0.07          6.1
  FSL SOB−3              M3       SOB        1            −4.8           0.10           −11.4           0.08          5.1
  **Mean value SOB**                       **3**        −**5.6**        **0.7**       −**11.5**        **0.2**      **5.9**

Intra-tooth δ^13^C variability of all 10 serially sampled premolars and molars from EP, CH and HO is nearly 6‰ (range: −15.2 to −9.5‰), but is small within a single tooth 0.9±0.3‰ (range: 0.5 to 1.4‰, [Tables S1](#pone.0074463.s002){ref-type="supplementary-material"}--[S3](#pone.0074463.s004){ref-type="supplementary-material"}). The teeth do not have clear seasonal trends in δ^13^C values ([Fig. 3](#pone-0074463-g003){ref-type="fig"}). Inter-tooth variability of mean enamel δ^13^C values in a single site is higher than the seasonal variation within a single tooth, with a range between 1.9 and 2.5‰, except for SOB which has a lower value of 0.5‰. The total range of δ^13^C values for all 22 teeth is 4.4‰. The δ^13^C values for the teeth of the HO and SOB populations are less negative than those of the other two *H. primigenium* populations from EP and CH ([Fig. 2](#pone-0074463-g002){ref-type="fig"}). Thus the HO and SOB hipparionines have ingested more ^13^C-enriched C~3~ plants compared to those of the latter localities.

![Intra-tooth variation of the enamel δ^13^C and δ^18^O values in 10 serially sampled teeth of *Hippotherium primigenium* molar and premolar teeth from Charmoille (CH), Eppelsheim (EP), and Höwenegg (HO).\
Samples are plotted against the distance from the crown in mm.](pone.0074463.g003){#pone-0074463-g003}

The mean δ^18^O~CO3~ values of the enamel carbonate of the 22 *H. primigenium* teeth analyzed from the four localities range from --9.1 to --4.5‰ ([Table 1](#pone-0074463-t001){ref-type="table"}). These between-population differences in δ^18^O~CO3~ are significant (Kruskal-Wallis test: H (3, N = 22) = 10.624; *p* = 0.013). The intra-tooth δ^18^O variation of all of the 10 serially sampled premolars and molars has a similar total range from --10.0 to --4.3‰ ([Tables S1](#pone.0074463.s002){ref-type="supplementary-material"}--[S3](#pone.0074463.s004){ref-type="supplementary-material"}). Intra-tooth variations of δ^18^O~CO3~ values are small and range from 0.6 to 2.3‰ with an average of 1.7±0.7‰. One tooth from EP (PW 10153) has a much higher variability οφ 4.0‰, which is likely a result of diagenetic alteration in the lower, less mineralized crown part of this unerupted M2 that also gave the highest δ^18^O~CO3~ values ([Fig. 3](#pone-0074463-g003){ref-type="fig"}). Some of the teeth show a seasonal trend in δ^18^O values but most intra-tooth δ^18^O patterns are relatively flat ([Fig. 3](#pone-0074463-g003){ref-type="fig"}). The HO and SOB hipparionines, which have the highest enamel δ^13^C values, also have the highest δ^18^O~CO3~ values ([Fig. 2](#pone-0074463-g002){ref-type="fig"}), hence they ingested water more enriched in ^18^O than that of the other localities.

The seven molars analyzed from Eppelsheim have the lowest mean δ^13^C values of --14.6 to --12.4‰ and the intra-tooth δ^13^C variation of the two serially sampled M2 have a range from 0.5 to 1.3‰. Mean δ^18^O~CO3~ values range from --9.0 to --5.8‰ while the intra-tooth variation of the oxygen isotope composition is the largest of all four investigated localities ranging from 0.5 to 3.2‰ ([Table 1](#pone-0074463-t001){ref-type="table"}, [Fig. 3](#pone-0074463-g003){ref-type="fig"}).

The eight teeth from Höwenegg (P4, P3, M1 and M3 and four other molars) have the highest δ^13^C values of all teeth analyzed from all the localities, with a range from --12.7 to --10.2‰ ([Fig. 2](#pone-0074463-g002){ref-type="fig"}), while the intra-tooth variation of the four serially sampled teeth is low, from 0.3 to 1.1‰. The HO population has 1.5 to 2.5‰ less negative δ^13^C values compared to the EP and CH populations but values similar to SOB. δ^18^O~CO3~ values for all teeth range from --6.4‰ to --4.5‰ while the intra-tooth variation is in the range of 1.3 to 2‰ ([Table 1](#pone-0074463-t001){ref-type="table"}, [Fig. 3](#pone-0074463-g003){ref-type="fig"}).

The four serially sampled teeth from Charmoille (P3, P4, M2 and M3) have low mean δ^13^C values of --14.6 to --12.6‰ similar to those of EP and the intra-tooth variation of the δ^13^C values ranges from 0.6 to 1.4‰. Mean δ^18^O~CO3~ values for all teeth has a range from --9.1 to --7.3‰ and the intra-tooth variation is 1.6 to 2.3‰ ([Table 1](#pone-0074463-t001){ref-type="table"}, [Fig. 3](#pone-0074463-g003){ref-type="fig"}).

For Soblay only three molars were analyzed in bulk but no serial intra-tooth sampling was performed. δ^13^C values have only a narrow range from --11.7 to --11.2‰ and δ^18^O~CO3~ values range from --6.4 to --4.8‰. Teeth from SOB have less negative δ^13^C and δ^18^O~CO3~ values than the two EP and CH populations, similar to those of HO teeth.

Dental Micro- and Mesowear Signatures {#s2b}
-------------------------------------

For microwear analysis, specimens of *Hippotherium primigenium* from the four investigated localities were integrated into a model constructed using present day grazing and browsing ungulates through a discriminant analysis (DA). An overall misclassification for extant species is about 11.54% (5.88% for browsers and 20.49% for grazers; [Table S4](#pone.0074463.s005){ref-type="supplementary-material"}). As expected, the sample of present-day browsers significantly differs from grazers in DA coordinates (*t*-test, *p*\<0.001). [Table S4](#pone.0074463.s005){ref-type="supplementary-material"} provides the coefficients of linear discriminant plus the correlation between discriminating variables and discriminant function.

[Table 2](#pone-0074463-t002){ref-type="table"} and [Figure 4](#pone-0074463-g004){ref-type="fig"} display the classification of extinct hipparionines within this model. Hipparionines from the four Late Miocene localities investigated were not grazers but rather had mixed feeding habits with a strong dominance of browsing. Only one specimen out of 31 from the EP population has a dental microwear pattern similar to extant grazers, most of the remainder having similarities with living browsers. CH and SOB molar microwear patterns also share browsing characteristics. This contrasts with the HO sample for which 5 out of 7 individuals are classified as grazers, whereas the other two fit clearly with extant browsers. The differences in the distribution between the four populations along the discriminant analysis are valid (Kruskal-Wallis test: H (3, N = 51) = 9.975; *p* = 0.018).

![Molar mesowear and microwear patterns of the four populations of *Hippotherium primigenium*.\
Comparative extant species for microwear analysis are shown in [Table S4](#pone.0074463.s005){ref-type="supplementary-material"} and in [Table S5](#pone.0074463.s006){ref-type="supplementary-material"} for mesowear scoring.](pone.0074463.g004){#pone-0074463-g004}

10.1371/journal.pone.0074463.t002

###### Number of individuals n mean m and standard deviation *sd* of the three main dental micro-wear variables (Number of scratches Ns, pits Np and percentage of pits Pp) for the four investigated populations (and sub-groups defined through the discriminant analysis) of *Hippotherium primigenium.*
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                                                                                                                  Ns         Np         Pp                            
  ---------------- ------------------------------------------------------------------------- ------- -------- ---------- ---------- ---------- ---------- ----------- -----------
  **Charmoille**                            **Complete population**                                   **15**   **22.4**   **10.1**   **41.9**   **14.5**   **64.9%**   **12.5%**
                    *Specimens classified in sub-groups:* [\*](#nt101){ref-type="table-fn"}   *B95*    *8*      *18.0*     *6.5*      *48.0*     *16.8*     *71.9%*     *10.0%*
                                                                                              *B50*    *5*      *21.8*     *5.4*      *35.8*     *9.1*      *61.9%*     *6.9%*
                                                                                              *G50*    *1*      *49.0*       --       *33.0*       --       *40.2%*       --
                                                                                              *G95*    *1*      *34.0*       --       *33.0*       --       *49.3%*       --
  **Eppelsheim**                            **Complete population**                                   **19**   **14.8**   **7.8**    **53.6**   **17.9**   **76.4%**   **15.5%**
                                     *Specimens classified in sub-groups:*                    *B95*    *14*     *13.7*     *4.4*      *59.1*     *12.2*     *80.6%*     *7.6%*
                                                                                              *B50*    *4*      *12.5*     *7.7*      *41.8*     *24.9*     *71.5%*     *22.8%*
                                                                                              *G50*    *1*       *40*        --        *23*        --       *36.5%*       --
                                                                                              *G95*    *0*        --         --         --         --         --          --
  **Höwenegg**                              **Complete population**                                   **7**    **29.1**   **9.2**    **31.7**   **28.8**   **44.5%**   **26.8%**
                                     *Specimens classified in sub-groups:*                    *B95*    *2*      *20.0*     *12.7*     *70.0*     *21.2*     *77.0%*     *16.3%*
                                                                                              *B50*    *0*        --         --         --         --         --          --
                                                                                              *G50*    *3*      *30.7*     *6.1*      *23.3*     *4.7*      *43.2%*     *0.6%*
                                                                                              *G95*    *2*      *36.0*     *2.8*      *6.0*      *4.2*      *14.1%*     *9.6%*
  **Soblay**                                **Complete population**                                   **10**   **28.1**   **8.3**    **50.8**   **17.7**   **63.0%**   **12.4%**
                                     *Specimens classified in sub-groups:*                    *B95*    *5*      *23.0*     *6.8*      *64.8*     *8.2*      *74.0%*     *5.1%*
                                                                                              *B50*    *3*      *35.3*     *7.8*      *43.0*     *12.3*     *54.6%*     *1.6%*
                                                                                              *G50*    *2*      *30.0*     *4.2*      *27.5*     *3.5*      *47.8%*     *0.3%*
                                                                                              *G95*    *0*        --         --         --         --         --          --

Each (browsing and grazing) diet category is divided in two sub categories depending on the probability associated with the classification. Specimens that plot with either browsers (with p\>0.95; B95) or grazers (with p\>0.95; G95) browse and graze, respectively, the few weeks preceding the death. Two other subcategories are defined as browsers with 0.50\>p\>0.95 (B50) and as grazers with 0.50\>p\>0.95 (G50).

Mesowear data indicate a wide range of values from high attrition-dominated mesowear signatures (score = 0.22) to high-abrasion dominated mesowear scores (score = 2.11; [Table 3](#pone-0074463-t003){ref-type="table"} and [Fig. 4](#pone-0074463-g004){ref-type="fig"}). The most attrition-dominated wear signature is found in the HO population of *H. primigenium*, which plots in the central portion of the browser spectrum. In contrast, the SOB sample has the highest abrasion-dominated signature and therefore plots within the range of extant grazing species. The CH sample plots close to the SOB sample with a molar mesowear score of 1.94. The EP population plots within the mixed feeder range sandwiched between the spectrum for browsers and grazers ([Fig. 4](#pone-0074463-g004){ref-type="fig"}). Note that the EP score also falls within the range of fruit-eaters.

10.1371/journal.pone.0074463.t003

###### Frequency of hipparionine specimens in the different mesowear categories (in percentage) and mesowear scores.
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  Populations    HS[\*](#nt102){ref-type="table-fn"}    HR      LS     LR      LB    score
  ------------- ------------------------------------- ------- ------ ------- ------ -------
  Höwenegg                      80.00                  20.00   0.00   0.00    0.00   0.22
  Eppelsheim                    18.75                  79.17   0.00   2.08    0.00   0.86
  Charmoille                    9.09                   39.39   6.06   39.39   6.06   1.94
  Soblay                        0.00                   47.06   0.00   47.06   5.88   2.11

HS = Combination of high relief H and sharp cusp S (score = 0), HR = combination of high relief H and round cusp R (score = 1), LS = combination of low relief L and sharp cusp S (score = 2), LR = combination of low relief L and round cusp R (score = 3), LB = combination of low relief L and blunt cusp B (score = 4). Average score per population is computed by the mean of the average score per individual in case that several teeth represent an individual.

Discussion {#s3}
==========

Feeding Ecology of the Earliest European Hipparionines {#s3a}
------------------------------------------------------

All *H. primigenium* teeth of Charmoille, Soblay, Eppelsheim and Höwenegg have low enamel δ^13^C values in the range expected for C~3~ feeders. Thus C~4~ plants were not a significant part of the diet of *Hippotherium*, confirming that C~4~ grasses were absent in Europe during the Late Miocene [@pone.0074463-Ehleringer1], [@pone.0074463-Quade2]. Whether *H. primigenium* were C~3~ browsers or C~3~ grazers can not be inferred solely from their carbon isotopes. The small intra-tooth variability of enamel δ^13^C values of ≤1.4‰ indicates only small seasonal δ^13^C variations within the C~3~ plants ingested by *Hippotherium*. Intra-site differences of mean enamel δ^13^C values are somewhat larger (2 to 2.5‰). These differences in enamel δ^13^C values of the investigated *H. primigenium* teeth thus reflect δ^13^C variations of the dietary C~3~ plants (either C~3~ dicots or C~3~ monocots) due to seasonal and/or habitat differences. The enamel δ^13^C values of 60% of the *H. primigenium* teeth are 1 to 3‰ lower than the mean value of around --11.5‰ expected for herbivores feeding on C~3~ plants during the Miocene [@pone.0074463-Passey2].

Low enamel δ^13^C values ≤ --13‰ for many of the *H. primigenium* teeth, especially those from EP and CH, suggest feeding was predominantly in forested ecosystems. This is compatible with the palaeoenvironmental reconstructions for these settings based on palaeofloral remains (see [Text S1](#pone.0074463.s007){ref-type="supplementary-material"} for details). Forest-dwelling browsers are, due to canopy related effects, expected to have lower δ^13^C values compared to more open country or grassland browsers or grazers [@pone.0074463-Cerling5], [@pone.0074463-VanderMerwe1]. However, *H. primigenium* was clearly not feeding in a dense evergreen tropical forest with a very strong canopy effect, otherwise much more negative δ^13^C enamel values would be expected [@pone.0074463-Cerling5].

In contrast, *H. primigenium* teeth from the HO and SOB populations have around 2‰ higher δ^13^C enamel values when compared to those of EP and CH ([Fig. 2](#pone-0074463-g002){ref-type="fig"}). This is probably not related to diagenetic alteration as enamel and dentin of the same teeth for the HO sample have distinct differences in their δ^13^C values of about 5‰ ([Fig. S1](#pone.0074463.s001){ref-type="supplementary-material"}). Thus the dentin has higher δ^13^C values, that is, values similar to those of the embedding sediment while the enamel has likely preserved original values. Therefore, the higher enamel δ^13^C values of the HO and SOB specimens indicate the ingestion of more ^13^C enriched C~3~ plants. This may reflect palaeoenvironmental effects (e.g., water stress, habitat openness) on the plants eaten. An alternative interpretation would be that the HO and SOB *H. primigenium* populations fed predominantly on different plants or plant parts (e.g., more woody plant remains or fruits) with less negative δ^13^C values. The HO and SOB specimens also have higher enamel δ^18^O values ([Fig. 2](#pone-0074463-g002){ref-type="fig"}) compared to the teeth of EP and CH, supporting the suggestion of environmental effects on the ingested plants, and possibly more intense water stress in the HO and SOB palaeoenvironments than in the vicinities of EP and CH. However, for SOB the palaeontological evidence indicates a humid and forested environment in the vicinity [@pone.0074463-Mnouret1] and, therefore, does not support water stress. Interestingly, the dental mesowear patterns of the SOB population are consistent with the dental wear pattern of extant grazers ([Fig. 4](#pone-0074463-g004){ref-type="fig"}), which would not be expected for a forest dweller. Conversely, more than half of the Soblay specimens (7 out of 10) had molar microwear patterns similar to the browsing species ([Table 2](#pone-0074463-t002){ref-type="table"} and [Figure 4](#pone-0074463-g004){ref-type="fig"}). Thus the SOB *H. primigenium* grazed and browsed. This suggests that more open and drier areas with grass existed in the vicinity of the humid forested environment and that both settings were likely used for foraging by the SOB population. Predominant grazing best explains the higher δ^13^C and δ^18^O values and dental mesowear signatures of the SOB teeth. Feeding on canopy-derived fruits and leaves that have higher δ^13^C values than subcanopy plants could be an alternative explanation for higher enamel δ^13^C values in frugivorous forest dwelling taxa compared to subcanopy browsers [@pone.0074463-Cerling5]. As fruits and seeds tend also to be enriched in ^18^O relative to the source water [@pone.0074463-Yakir1], frugivores have higher enamel δ^18^O values. However, the abrasion dominated mesowear patterns of SOB do not comply with extensive frugivory ([Fig. 4](#pone-0074463-g004){ref-type="fig"}).

The HO population has similar δ^13^C and δ^18^O values compared to those of the SOB ([Fig. 2](#pone-0074463-g002){ref-type="fig"}). In contrast to the SOB population, the dental mesowear of the HO population resembles dietary reference taxa of present-day browsers ([Fig. 4](#pone-0074463-g004){ref-type="fig"}). However, molar microwear analysis detects some grazing habits for this population. This clearly points to a large dietary flexibility in *Hippotherium* on a meal-by-meal basis and thus its ability to succeed in different environments as a mixed feeder with opportunistic preferences for either browsing or grazing, depending on resource availability.

The low mean δ^13^C values of ≤ --13.6‰ for EP and CH (compared with SOB and HO) are compatible with browsing on C~3~ plants in a forested environment. The dental mesowear signature of the EP population supports mixed feeding habits, whereas, the dental mesowear analysis on the CH sample indicates a diet richer in grasses. However, note that such an abrasion-dominated mesowear signal could also be due to high fruit consumption. The hypothesis of grazing traits is challenged by the dental microwear results of these two populations. In fact, only one individual out of 19 from EP and two of 15 from CH can be considered as grazers; the remaining individuals all plot in the browsers group ([Table 2](#pone-0074463-t002){ref-type="table"} and [Figure 4](#pone-0074463-g004){ref-type="fig"}). These individuals obviously did not graze a considerable amount during the weeks or even months before their death.

Altogether the data support opportunistic and mixed feeding habits for *H. primigenium.* Indeed, long-term (molar mesowear patterns and bulk stable isotope compositions) and short-term (molar microwear patterns and serial intra-tooth stable isotope compositions) signals do not always corroborate each other and vary from one population to another and even within a single population. Given the different food properties and timescales represented by the various diet proxies this is not surprising. However, the data clearly demonstrate the potential of combined dental wear and stable isotope analysis to obtain refined and complementary dietary reconstructions of herbivores. This multi-proxy approach reveals dietary flexibility and enables us to gain new insights into the palaeoecology of extinct taxa and their feeding behaviour.

The Habitat of the Earliest European Hipparionines {#s3b}
--------------------------------------------------

Differences in vegetation density and/or water stress may explain some of the dietary differences between the *H. primigenium* populations. For instance, the EP habitat was part of the Rhine River stream system in a flat and well-watered landscape. Water stress thus likely played a much less pronounced role at EP. Similarly, this may have been the case for HO as it was situated near a lake in the Hegau volcanic field on a tuff-dominated bedrock and well-drained limestone bedrock. Given the higher enamel δ^13^C and δ^18^O values from HO, and also SOB, compared to EP and CH, the HO and SOB populations may represent open landscape populations, which in turn would be expected to have had a more grass-dominated dietary regime. This is in agreement with the microwear results from HO teeth, but not for those from SOB where there is robust evidence for wet and forested habitat [@pone.0074463-Mnouret1]. Note, however, that the SOB population has the most abrasion-dominated mesowear pattern of all four populations, probably indicating an overall grass-dominated diet which is in agreement with a more open habitat. In turn, the EP and CH habitats would be considered to have been more closed, and therefore less likely to provide access to grass and other abrasive food items. However, tooth mesowear patterns indicate that EP and CH hipparionines included abrasive components in their diet (grasses, grass-like plants). *Hippotherium primigenium* was thus generally a flexible and opportunistic meal-by-meal mixed feeder highly engaged in browsing, grazing and occasional frugivory and therefore was predominantly a forest dweller during the Late Miocene of Western Europe.

General Implications for Palaeodiet and Palaeoecology of Hippotherium Primigenium {#s3c}
---------------------------------------------------------------------------------

Despite the correlation of crown height with ecological factors relating to diet in modern herbivorous mammals, the correlation cannot prove that crown height is always a reliable predictor of diet in terms of browsing versus grazing [@pone.0074463-Mihlbachler2]. Mihlbachler & Solounias [@pone.0074463-Mihlbachler2] reported a less direct coevolution of diet and crown height in the fossil record of North American Merycoidodontidae compared to previous studies. The question of evolutionary trajectories which may also be responsible for an increase in crown height has been raised a number of times over the last decade, and a reappraisal of the question may now be required. One could be derived from the current data regarding the broad dietary flexibility of *H. primigenium.*

Because of their hypsodonty, '*Hipparions*' were widely considered as grazers. However, there is another biological benefit of hypsodonty beyond the adaptation to an abrasive (grass) diet; a greater dietary flexibility. The present data indicate that *Hippotherium* had a variable C~3~ plant-based diet ranging from browsing to grazing and was thus a flexible and opportunistic mixed-feeder. At around 11 Ma, when hypsodont hipparions arrived in Eurasia, C~4~ plants, which comprise the majority of abrasive grasses in extant open environments, were absent or just a minor component in the global flora and did not become widespread until 8 to 6 Ma [@pone.0074463-Cerling1], [@pone.0074463-Cerling2]. This indicates that hipparions must have inhabited a Europe with an absence of C~4~ grasslands during the early Late Miocene (MN9) and could only have met their dietary needs with the C~3~ environment, which was probably forested. *Hippotherium* would have predominantly fed on available leafy plants such as trees and shrubs within these forested landscapes of Europe but could also switch to a more abrasive grass or even a fruit-based diet. This ecologic flexibility enabled hypsodont *Hippotherium* to feed both on abrasive and less abrasive food items, depending on their availability. This was advantageous for survival in environments with changing seasonality as would have occurred following the Mid-Vallesian crisis, with drier and more seasonal climates prevailing in Europe in the Late Miocene [@pone.0074463-deBonis1], [@pone.0074463-Fortelius2].

Furthermore, opportunistic mixed-feeding may have facilitated the dispersal of *H. primigenium* via Asia due to any potential climatic (arid areas) and geographic barriers being easier to cope with due to its flexible diet. The North American ancestors of the earliest Eurasian hipparions from the *Cormohipparion* clade are best known from the Early Clarendonian (ca 12 Ma) quarries in Texas and Nebraska [@pone.0074463-MacFadden1]. However, the population from which the first Eurasian individuals derived must have existed in Alaska, which would have been a relatively cool and humid place compared to the North American interior [@pone.0074463-Fortelius3]. Conversely, preliminary results indicate that habitat conditions were quite dry as far south as central China in the earlier part of the Late Miocene [@pone.0074463-Zhang1]. Fortelius et al. [@pone.0074463-Fortelius3] postulate a westward migratory route of earliest Old World hipparions, and consider "traditional" migratory dispersal routes unlikely because of aridity. However, the dietary signatures of this study of the first three-toed horses in Europe are indicative of a variety of dietary sources. Indeed, *Hippotherium primigenium* was likely able to graze as well browse, much in the same way as present-day wild asses. This dietary flexibility would explain its rapid dispersal into Eurasia despite climatic and environmental dispersal barriers, and thus was not necessarily linked to the expansion of grasslands for grazing. The hypsodonty of *H. primigenium* can thus be considered an example of Liem's paradox in which a specialized phenotype (high crowned cheek teeth) enabled a more flexible mixed-feeding diet.

Given how wide the dietary niche of *H. primigenium* appears to be, its hypsodont dentition does not restrict it to a habitat of abrasive diets. This is also compatible with the reasoning that fallback foods may have more selective force in natural selection than preferred foods [@pone.0074463-Laden1]. The hypsodont adaptation would allow *H. primigenium* to survive in a complex variety of landscapes, which did not necessarily provide the food items that limit hypsodont herbivores to abrasive diets. *Hippotherium* is thus another example that hypsodonty, although originally an adaptation to abrasive food, can enable a species to become a generalist feeder of both high- and low-abrasion diets, similarly to camelids [@pone.0074463-Feranec2], rhinocerotids [@pone.0074463-Kahlke1], and other equids [@pone.0074463-Mihlbachler1]. Finally, hypsodonty was advantageous for *H. primigenium* to expand its habitats and food resources in the increasingly drier and more open Late Miocene landscapes of Europe [@pone.0074463-Jernvall1].

The appearance of *Hippotherium* in Europe as a hypsodont, opportunistic mixed feeder put competitive pressure on the brachydont equid *Anchitherium aurelianense* which was feeding in the same ecological niche [@pone.0074463-Kaiser2]. This may have contributed to the decline and extinction of *Anchitherium* in the Old World following the Mid-Vallesian crisis, with only a short period of coexistence in the upper Vallesian (MN9) [@pone.0074463-DaxnerHck1], [@pone.0074463-Sondaar1]. The number of fossil sites with co-occuring *H. primigenium* and *A. aurelianense* specimens are thus limited, hampering a direct diet comparison of sympatric individuals. A rapid replacement of *Anchitherium* by *Hippotherium* seems quite plausible due to the latter having a high ecological tolerance; because of its hypsodonty it was capable of feeding on abrasive diets. Although some *Anchitherium* populations in arid areas such as Spain also have an adaptive increase in crown height, those in humid central European areas (i.e. Germany) did not, and they remained brachydont [@pone.0074463-Eronen1]. Overall, the hypsodont *H. primigenium* was able to live and feed in a variety of habitats and therefore was a very successful migrant species.

Conclusions {#s4}
===========

To better understand the Late Miocene dispersal of the earliest high-crowned hipparionines in the Old World two hypotheses were investigated: (1) hypsodont cheek teeth facilitated the exploitation of grassy abrasive vegetation in evolving open grassland landscapes and, (2) hypsodont cheek teeth enabled *H. primigenium* to occupy a broad dietary niche. Combined dental meso- and microwear together with enamel oxygen and carbon stable isotope analyses on four populations of hipparionines in Europe, amongst the earliest in the Old World, support mixed feeding habits for *H. primigenium* with a strong reliance on leafy plants rather than on grazing habits. This high-crowned equid was thus adapted to use a wide range of dietary sources and had a large dietary flexibility. Feeding changed partly on a meal-by-meal basis, but was likely also affected by local and seasonal availability of vegetational resources in the natural food supply. This dietary flexibility was likely a key factor for the rapid dispersal of *H. primigenium* from North America into Eurasia, given the different environmental settings in this region.

With the broad feeding habits of *H. primigenium*, its hypsodont dentition may no longer be regarded as a constraint for forage on abrasive items in open landscapes. Instead, it would rather enable opportunistic feeding from grazing to pure browsing for long periods of time; even when no less abrasive diets were available. The hypsodonty of its cheek teeth would allow *H. primigenium* to survive in a variety of landscape types which did not necessarily provide the food items that would limit hypsodont herbivores to abrasive diets. Thus *Hippotherium* is an example of the Liem's paradox, hypothesizing that specialized phenotypes (here hypsodonty) enable more ecological flexibility in a taxon and the occupation of a broader dietary niche.

The arrival of this ecologically flexible equid must have imposed severe competition on brachydont anchitheres that occupied a variable browsing or mixed feeding niche in the Late Miocene of Europe [@pone.0074463-Kaiser2]. The higher permanent dietary flexibility of *H. primigenium* might thus be the cause for the rapid replacement of the low-crowned equid *Anchitherium aurelianense* in Europe during the Late Miocene (MN9--MN10).

Materials and Methods {#s5}
=====================

We thank the Forschungsinstitut und Naturmuseum Senckenberg (Frankfurt), the Staatliches Museum für Naturkunde (Karlsruhe), and the Landesmuseum Rheinland-Pfalz (Mainz), the Collections d'Histoire Naturelle de l'Université de Lyon (A. Prieur) and the Naturhistorisches Museum (Basel, L. Costeur) for access to the fossil specimens investigated in this study. All the specimens were loaned in the aforementioned museum collections and returned after analysis.

Carbon and Oxygen Isotope Analysis of Tooth Enamel {#s5a}
--------------------------------------------------

Serial and bulk enamel samples of isolated cheek teeth of *Hippotherium primigenium* from Eppelsheim (EP; n = 7), Höwenegg (HO; n = 8), and Charmoille (CH; n = 4) were analysed for their carbon and oxygen isotopic composition of carbonate in the apatite ([Table 1](#pone-0074463-t001){ref-type="table"}). If possible, only teeth such as P4, M2 and M3, which formed after weaning, were analyzed. Bulk enamel samples of isolated cheek teeth of *Hippotherium primigenium* from Soblay (SOB; n = 3) were also analysed for their carbon and oxygen isotope composition of carbonate in the apatite (see [Table 1](#pone-0074463-t001){ref-type="table"} for details). For isotope analyses teeth with the least possible wear were selected to sample the complete tooth length and thus longest growth period possible. Due to limited sample availability, teeth of different jaw positions were sampled for the isotopic measurements ([Table 1](#pone-0074463-t001){ref-type="table"}). The tooth cement was removed and the enamel surface mechanically cleaned prior to enamel sampling. Bulk enamel samples were recovered by drilling a line parallel to the growth axis of the tooth along the entire length from the crown to the root. Serial enamel samples were hand-drilled with a Proxxon drill perpendicular to the growth axis on a non-occlusal tooth surface. Six teeth, two per locality for HO, EP, and CH, were serially sampled in 3-mm intervals perpendicular to the growth axis to investigate the seasonal intra-tooth variation of the carbon and oxygen isotopic composition ([Table S1](#pone.0074463.s002){ref-type="supplementary-material"}--[S3](#pone.0074463.s004){ref-type="supplementary-material"}).

The enamel powder was pretreated according to Koch et al. [@pone.0074463-Koch1]. 10 mg enamel powder were soaked for 24 hours with 2% NaOCl and 1 M calcium-acetate buffer solution for 24 hours in a powder/solution ratio of 0.04 g/ml to remove organic substances and diagenetic carbonates, respectively, prior to analysis of the carbon (δ^13^C) and oxygen (δ^18^O~CO3~) isotopic composition of the carbonate in the apatite. About 2 mg pretreated enamel powder was reacted with 100% H~3~PO~4~ for 90 minutes at 70°C using a ThermoFinnigan Gasbench II [@pone.0074463-Sptl1]. Carbon and oxygen isotope ratios of the generated CO~2~ were measured in continuous flow mode on a Finnigan Delta Plus XL isotope ratio gas mass spectrometer at the University of Lausanne and Tübingen. For this reaction the same acid fractionation factor as between calcite and CO~2~, was assumed to be applicable. The measured carbon and oxygen isotopic compositions were normalized to the in-house Carrara marble calcite standard that has been calibrated against the international NBS-19 calcite standard. The isotope composition of tooth enamel apatite is reported in the usual δ-notation in per mil (‰) relative to the known isotope reference standard VPDB with δ^13^C or δ^18^O (‰) = \[(R~sample~/R~standard~) −1\]×1000, where R~sample~ and R~standard~ are the ^13^C/^12^C and ^18^O/^16^O ratios in the sample and standard, respectively. Precision for the carbon (δ^13^C) and oxygen (δ^18^O) isotopic composition of carbonate in the apatite is better than ±0.1‰ and ±0.15‰, respectively. The NBS 120c Florida phosphate rock standard, also pre-treated after Koch et al. [@pone.0074463-Koch1], gave values of δ^13^C~VPDB~ = --6.23±0.09‰ and δ^18^O~VPDB~ = --2.23±0.10‰ (n = 9).

Microwear Analysis {#s5b}
------------------

After initial examination, many specimens were excluded from analysis because they were physically altered during transportation or compaction of sediments [@pone.0074463-King1]. Since microwear patterns may vary from mesial to distal teeth, the analysis is preferentially restricted to upper and lower M1s and M2s. The dental microwear patterns of fossil taxa were compared to those of extant grazing and browsing ungulates including artiodactyls and perissodactyls ([Tables S4](#pone.0074463.s005){ref-type="supplementary-material"} and [Figure 4](#pone-0074463-g004){ref-type="fig"}). All microwear signatures of this study were only determined by one experienced observer (G. Merceron) to avoid any potential inter-observer error [@pone.0074463-Mihlbachler3].

Regarding dental microwear analysis, several protocols were developed to quantify occlusal wear patterns at a microscopic scale. Differences concern casting procedures applied and the data acquisition. In this study the protocol of Merceron et al. [@pone.0074463-Merceron5] is employed because it combines the high quality of light stereomicroscopy with reliable analyses of high-resolution digitized images. To assess the feeding preferences the hipparionines were compared with extant species using discriminant analysis (DA) ([Tables S4](#pone.0074463.s005){ref-type="supplementary-material"} and [Figure 4](#pone-0074463-g004){ref-type="fig"}). This multivariate statistical technique first evaluates the ability of the microwear variables to discriminate grazing species from the browsers. The mere pure grazing and browsing present-day ungulates are here considered as model for the DA; no intermediate feeders are considered. The dental microwear pattern of individuals engaged in both grazing and browsing is similar either to that of browsers or to that of grazers depending on their last few meals. A set of 9 variables (Ns, Np, Ls, Pp, Tot, Nws, Nfs, Nlp, Nsp) was considered for running the DA [@pone.0074463-Merceron4]. Because the normality and homogeneity of variance are not guaranteed, the variables were log-transformed. DA requires the very same assumptions as the analysis of variance. Then, the extinct hipparionine specimens are classified into the browsing or the grazing kernel according to the model set up with living species ([Figure 2](#pone-0074463-g002){ref-type="fig"} and [Table S4](#pone.0074463.s005){ref-type="supplementary-material"}). As suggested by DeGusta and Vrba [@pone.0074463-DeGusta1], a threshold probability here set up at 5% is used to distinguish the significant predictions from more questionable reliability.

Mesowear Analysis {#s5c}
-----------------

Dental facet development on the molar surfaces of herbivorous ungulates appears to be strongly tied to feeding styles [@pone.0074463-Fortelius1], [@pone.0074463-Kaiser3]. Dental mesowear reflects the degree of attritive and abrasive wear on the molar and premolar occlusal surface. Attritive wear is due to the tooth/tooth contact and results in high crown relief and sharp cusp apices. Abrasive wear is due to tooth/food contacts, obliterates dental facets and results in lower crown relief and more round or blunted cusp apices. Initially dental mesowear analysis was based only on the second upper molars [@pone.0074463-Fortelius1], however, Kaiser and Solounias [@pone.0074463-Kaiser4] extended the analytical model to include three more maxillary tooth positions (P4, M1, and M3) in hypsodont equids. The mesowear method treats ungulate tooth mesowear as two variables: occlusal relief and cusp shape. Occlusal relief (OR) is classified as high (H) or low (L), depending on how high the cusps rise above the valley between them. The second mesowear variable, cusp shape, includes 3 scored attributes: sharp (S), round (R) and blunt (B) according to the degree of facet development. In addition to established mesowear convention, a combined mesowear score was computed from each population similar [@pone.0074463-Kaiser2], [@pone.0074463-Kaiser5]. The convention used, however differs from that used by Semprebon and Rivals [@pone.0074463-Semprebon1] by inclusion of a score for the combination of low reliefs and sharp cusps. This combination is frequently found especially in grazers, but was not accommodated by Semprebon and Rivals [@pone.0074463-Semprebon1]. A combination of high relief and sharp cusps was assigned a score of "0", a combination of high relief and round cusp was assigned a score of "1", a combination of low relief and sharp cusp was assigned a score of "2", a combination of low relief and round cusp was assigned a score of "3" and a combination of low relief and blunt cusps was assigned a score of "4". In this convention, a score of 0 represents the most attrition-dominated mesowear signature, while a score of 4 would represent the most abrasion-dominated signature. Individual scores were averaged and a mean score was calculated for each species ([Fig. 3](#pone-0074463-g003){ref-type="fig"}). Scores thus indicate the over all abrasiveness of the diet a species has to cope with. As comparative dataset, we consider the medium-size ungulates (artiodactyls and perissodactyls) with sample size clustered in broad diet categories ([Figure 4](#pone-0074463-g004){ref-type="fig"}, [Table S5](#pone.0074463.s006){ref-type="supplementary-material"}).

Supporting Information {#s6}
======================

###### 

**δ^13^C and δ^18^O values of enamel and dentin H. primigenium teeth from the Höwenegg locality as well as on sediment sample from the main fossil-bearing layer.** Note the large difference in δ^13^C values indicating a diagenetic alteration of the dentine while enamel still has values typical for C~3~ feeders.

(TIF)

###### 

Click here for additional data file.

###### 

**C and O isotopic compositions of the serial sampled Eppelsheim H. primigenium teeth.**

(XLS)

###### 

Click here for additional data file.

###### 

**C and O isotopic compositions of the Höwenegg H. primigenium teeth.**

(XLS)

###### 

Click here for additional data file.

###### 

**C and O isotopic compositions of the Charmoille H. primigenium teeth.**

(XLS)

###### 

Click here for additional data file.

###### 

**Summary statistics of the main dental microwear variables for the browsing and grazing ungulates that composed the comparative dataset.**

(DOC)

###### 

Click here for additional data file.

###### 

**List of extant species used for mesowear analysis.**

(DOC)

###### 

Click here for additional data file.

###### 

**Detailed site description of the fossil localites.**

(DOC)

###### 

Click here for additional data file.
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